Methylmercury (MeHg) toxicity is a continuous environmental problem to human health. The critical role of oxidative stress in the pathogenesis of MeHg cytotoxicity has been clarified, but the molecular mechanisms underlying MeHg-mediated oxidative stress remain to be elucidated. Here we demonstrate a posttranscriptional effect of MeHg on antioxidant selenoenzymes by using a MeHg-susceptible cell line. MeHg-induced selenium deficiency leads to failure of the recoding of a UGA codon for selenocysteine and results in degradation of the major antioxidant selenoenzyme glutathione peroxidase 1 (GPx1) mRNA by nonsensemediated mRNA decay (NMD), a cellular mechanism that detects the premature termination codon (PTC) located 5′-upstream of the last exon-exon junction and degrades PTC-containing mRNAs. In contrast, thioredoxin reductase 1 (TrxR1), another antioxidant selenoenzyme of the thioredoxin system, was likely skipped by NMD because of a UGA codon in the last exon. However, TrxR1 activity was decreased despite mRNA upregulation, which was probably due to the synthesis of aberrant TrxR1 protein without selenocysteine. Changes in selenoenzyme GPx1 and TrxR1 mRNAs were observed earlier than was the incidence of oxidative stress and upregulation of other antioxidant enzyme mRNAs. Results indicated that the MeHg-induced relative selenium-deficient condition affects the major antioxidant selenoenzymes GPx1 and TrxR1 through a posttranscriptional effect, resulting in the disturbance of cellular redox systems and the incidence of oxidative stress. Treatment with ebselen, a seleno-organic compound, effectively suppressed oxidative stress and protected cells against MeHg-induced relative selenium deficiency and cytotoxicity.
Methylmercury (MeHg) toxicity is a continuous environmental problem to human health. The critical role of oxidative stress in the pathogenesis of MeHg cytotoxicity has been clarified, but the molecular mechanisms underlying MeHg-mediated oxidative stress remain to be elucidated. Here we demonstrate a posttranscriptional effect of MeHg on antioxidant selenoenzymes by using a MeHg-susceptible cell line. MeHg-induced selenium deficiency leads to failure of the recoding of a UGA codon for selenocysteine and results in degradation of the major antioxidant selenoenzyme glutathione peroxidase 1 (GPx1) mRNA by nonsensemediated mRNA decay (NMD), a cellular mechanism that detects the premature termination codon (PTC) located 5′-upstream of the last exon-exon junction and degrades PTC-containing mRNAs. In contrast, thioredoxin reductase 1 (TrxR1), another antioxidant selenoenzyme of the thioredoxin system, was likely skipped by NMD because of a UGA codon in the last exon. However, TrxR1 activity was decreased despite mRNA upregulation, which was probably due to the synthesis of aberrant TrxR1 protein without selenocysteine. Changes in selenoenzyme GPx1 and TrxR1 mRNAs were observed earlier than was the incidence of oxidative stress and upregulation of other antioxidant enzyme mRNAs. Results indicated that the MeHg-induced relative selenium-deficient condition affects the major antioxidant selenoenzymes GPx1 and TrxR1 through a posttranscriptional effect, resulting in the disturbance of cellular redox systems and the incidence of oxidative stress. Treatment with ebselen, a seleno-organic compound, effectively suppressed oxidative stress and protected cells against MeHg-induced relative selenium deficiency and cytotoxicity.
Methylmercury (MeHg) is a wellestablished toxicant to humans as recognized in some countries like Japan (Minamata disease) (1), Iraq (2) , and USA (3) . MeHg toxicity is a continuous environmental problem to human health, especially in susceptible populations who frequently eat plenty of fish or fish predators (4) . The critical role of oxidative stress in the pathogenesis of MeHg cytotoxicity has been clarified both in vitro (5) (6) (7) (8) (9) (10) and in vivo (11) (12) (13) . Failure to protect cells against the early oxidative stress triggers subsequent ER stress and apoptosis (9) . However, the molecular mechanism underlying the early incidence of oxidative stress by MeHg exposure remains to be elucidated.
The high affinity of MeHg for the selenohydryl group, sulfhydryl group, or selenide has been described (14) . In addition, there has been some research on the interaction between MeHg and selenium since Ganther et al. first reported it (15) . Sodium selenite treatment can suppress MeHg-mediated fetotoxicity, neurotoxicity, or developmental toxicity (16) (17) (18) . Further, MeHg toxicity was enhanced in selenium-deficient animals (19, 20) . These reports suggest the possibility that the selenium component of naturally occurring seleniumcontaining proteins and tRNAs is the protecting factor against MeHg cytotoxicity. However, the role of selenium in protection against MeHg cytotoxicity has not been well elucidated.
The glutathione (GSH) and thioredoxin (Trx) systems, which are the central regulators of cellular redox status, include many antioxidant enzymes with the selenohydryl group or sulfhydryl group at the redox-active centers. Thus cellular antioxidant systems may be disturbed under MeHg exposure. In fact, exposure to MeHg mediates the decrease of glutathione peroxidase 1 (GPx1) activity in vitro and in vivo (12, (21) (22) (23) and the inhibition of recombinant TrxR activity in vitro (24) .
GPx1, the most abundant selenoenzyme, plays a role in preventing the production of reactive oxygen species (ROS) by reducing hydrogen peroxide (H 2 O 2 ) and free fatty acid hydroperoxides. In contrast, thioredoxin reductase 1 (TrxR1) and its substrate Trx are known to be involved in the redox regulation of cell signaling. Both GPx1 and TrxR1 contain 1 nonstandard amino acid, selenocysteine (Sec). Sec is encoded by the UGA codon, which is common for termination of protein synthesis. Under selenium deficiency, the UGA codon for Sec may be recognized as a nonsense codon, known as a premature termination codon (PTC), because of its unique specific biosynthesis (25) . mRNAs harboring PTCs are known to be deleted by nonsense-mediated mRNA decay (NMD), an mRNA quality control mechanism that is active when PTC is located sufficiently upstream of the exon-exon junction (26) . These findings prompted us to study the responses of antioxidant selenoenzymes to MeHg exposure.
Here we investigated the effect of MeHg on the cellular redox systems, especially on the dynamics of cytosolic selenoenzymes GPx1 and TrxR1, by using the MeHg-susceptible cell line in order to know the molecular mechanism underlying the incidence of oxidative stress after MeHg exposure. We clarified for the first time a posttranscriptional effect of MeHg on antioxidant selenoenzymes, which resulted in the disturbance of cellular redox systems and the incidence of oxidative stress.
Experimental Procedures
Cell culture and drug treatments-The C2C12 myogenic cell line expressing human mutant DMPK cDNA containing 160 CTG repeats (C2C12-DMPK160) was employed. The cells were cultured and exposed to MeHg as described previously (7, 8) . For antioxidant treatment, cells were treated with 100 μM Trolox (SIGMA-Aldrich) as described previously (7, 8) . Ebselen (SIGMA-Aldrich) stock was dissolved in dimethylsulfoxide. Sodium selenite (SIGMA-Aldrich) stock was prepared in Ca 2+ -and Mg 2+ -free phosphate buffered saline (PBS (-)) and added to the cells 16 h before the MeHg treatment. Samples from MeHg-intoxicated rats-Frozen soleus skeletal muscle samples were prepared from rats as previously reported (12) . The samples were divided into 3 groups: 1) MeHg-treated: 2) (MeHg + Trolox 2.5 mg/kg)-treated: and 3) control without MeHg and Trolox. Each group included 5 rats. Pathological changes were detected in the cerebellum, dorsal root ganglia, dorsal root nerve, and skeletal muscles of MeHg-treated rats, whereas these changes were suppressed in rats treated with MeHg and Trolox (12) . Flow cytometry analysis-For ROS analysis, cells (1.3 × 10 5 cells/35-mm dish) were incubated with 500 nM 5-(and 6-)chloromethyl-2′,7′-dichlorodihydrofluorescin diacetate, acetyl ester (CM-H 2 DCFDA) (Invitrogen) for 30 min, and washed twice with PBS (-). Cells were then exposed to 0.4 μM MeHg with or without 10 μM ebselen. Cells were harvested using 2 mM EDTA/PBS (-) that was pre-warmed at 37 o C. The cell pellet was resuspended in 1 ml PBS (-) and ROS was analyzed on a FACSCalibur flow cytometer (BD Biosciences) equipped with a 488 nm argon-ion laser and a 525 ± 10 nm bandpass emission filter. A total of 5, 000 cells/sample were analyzed.
For analysis of apoptosis, cells (1.3 × 10 5 cells/35-mm dish) exposed to 0.4 μM MeHg with or without 10 μM ebselen for 16 h were harvested using 2 mM EDTA/PBS (-) that was pre-warmed at 37 o C. The cell pellet was then washed twice with PBS (-). An Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences) was used according to the manufacturer's directions. Cells were incubated with Annexin V-FITC in a buffer containing propidium iodide (PI) and analyzed. A total of 10, 000 cells/sample were analyzed on the FACSCalibur.
posttranscriptional effect of MeHg on selenoenzymes
Quantitative real-time PCR-Total RNA was extracted using a QuickGene-800 System and a QuickGene RNA Cultured Cell Kit S (FUJIFILM). First-strand cDNA was prepared with a QuantiTect Reverse Transcription Kit (QIAGEN). Quantitative real-time PCR was performed using a LightCycler DX 400 System (Roche).
GPx1, manganese-superoxide dismutase (Mn-SOD), copper, zinc-superoxide dismutase (Cu, Zn-SOD), catalase, and TrxR1 mRNAs were amplified with a SYBR Green Master Mix (Roche) using the specific primer sets described in Supplemental table. Each mRNA transcript level was normalized to β-actin mRNA as described previously (9 Antibodies and western blot analysis-Samples were prepared as described previously (27) . Cell lysates were separated by 5.5% sodium dodecyl sulfate-polyacryamide gel electrophoresis for Upf1, phospho-Upf1, SMG-1, and SMG-7 or 7.5% for TrxR1 in the presence of DTT and transferred to nitrocellulose membranes (Bio-Rad). The membranes were then subjected to a monoclonal mouse anti-Upf1 antibody (5C3) (28), a monoclonal mouse anti-phosphoUpf1 antibody (7H1) (28), a polyclonal rabbit anti-SMG-1 antibody (Bethyl), a polyclonal rabbit anti-SMG-7 antibody (29), a monoclonal mouse anti-TrxR1 antibody (Santa Cruz), or a mouse monoclonal anti--tubulin antibody (Santa Cruz). Proteins were detected as described previously (27) . Measurement of TrxR1 activity-Cells were harvested using a rubber policeman at the indicated time of MeHg exposure. Cell suspension was centrifuged at 150×g for 5 min. The cell pellet was washed twice in PBS (-) and then homogenized in ice cold buffer (50 mM potassium phosphate, pH 7.4, containing 1 mM EDTA) by sonication and centrifuged at 12,000 rpm for 15 min at 4 o C. The sample was then concentrated using a MICROCON YM-30 with a molecular weight cut-off of 30,000 (Millipore). TrxR1 activity was measured by a Thioredoxin Reductase Assay Kit (Cayman Chemical Company) according to the manufacturer's directions. Protein content was measured using a DC Protein Assay Kit II (Bio-Rad). Statistical analysis-Statistical significance was determined by a one-way Welch's t-test. Data are expressed as mean ± SE. A difference was considered statistically significant when p<0.05.
RESULTS

Increase in intracellular ROS 3-4 h after exposure to MeHg.
The C2C12-DMPK160 cell line was susceptible to MeHg-induced oxidative stress and showed apoptosis within 24 h after exposure to low levels of MeHg (7, 9) . To clarify the onset of the oxidative burst after MeHg exposure, a time-course study of flow cytometry analysis of C2C12-DMPK160 cells labeled with CM-H 2 DCFDA was performed. Results indicated that 0.4μM MeHg exposure increased intracellular ROS levels 3-4 h after exposure compared to non-treated cells (Fig. 1) .
Upregulation of mRNAs of antioxidant enzymes except GPx1 after MeHg exposure.
MeHg-mediated increase in intracellular ROS was expected to promote ROS-dependent changes in antioxidant gene expression. Consistent with this notion, quantitative real-time PCR analysis showed upregulation of mRNAs of anti-oxidant enzymes, Mn-SOD, Cu, Zn-SOD, catalase, and TrxR1 after MeHg exposure in C2C12-DMPK160 cells ( Fig.  2A-D) . Treatment with 100 μM Trolox, a vitamin E-derived antioxidant, suppressed the increase in these mRNAs after 0.4M MeHg exposure, suggesting that the expressiμon of these mRNAs was mediated by ROS. In contrast, the expression of selenium-dependent GPx1 mRNA was unexpectedly decreased 3-9 h after exposure to MeHg. In addition, treatment with Trolox did not alter MeHg-mediated decrease in GPx1 mRNA (Fig. 2E ). Note that increase in TrxR1, another selenoenzyme, and decrease in GPx1 mRNAs were observed earlier than the response of other mRNAs.
Downregulation of GPx1 mRNA in MeHg-intoxicated rats. To investigate the effect of MeHg on the expression of antioxidant enzyme mRNAs in vivo, we analyzed the expression of mRNAs extracted from soleus skeletal muscles of rats treated with MeHg for 4 weeks. The results showed that the catalase and TrxR1 mRNAs were upregulated (Fig. 3A, B) , whereas GPx1 mRNA was downregulated (Fig.  3C ). Co-addition of the antioxidant Trolox could suppress the change in catalase and TrxR1 mRNAs in soleus skeletal muscls of MeHg-exposed rats. However, downregulation of GPx1 mRNA could not be rescued by treatment with Trolox. Results were consistent with those observed in C2C12-DMPK160 cells.
Upregulation of GPx1 mRNA was induced by H 2 O 2 treatment. To investigate whether downregulation of GPx1 mRNA is specific to MeHg exposure, we examined the change in GPx1 mRNA under oxidative stress by the general burden of H 2 O 2. As shown in Fig. 4 , treatment with H 2 O 2 increased GPx1 mRNA in C2C12-DMPK160 cells. This result suggests that downregulation of GPx1 mRNA after MeHg exposure is specific to MeHg.
Pretreatment with selenium rescues downregulation of GPx1 mRNA and diminishes the increase in ROS after MeHg exposure. Trolox-irresponsive decrease in seleniumdependent GPx1 mRNA abundance after MeHg exposure in this study and the high affinity of MeHg for the selenohydryl group and selenide (14) directed our attention to the notion that downregulation of GPx1 mRNA might be caused by MeHg-induced selenium deficiency since COS medium, a C2C12-DMPK160 cell culture medium, contains only 8 nM selenium. To assess this possibility, we analyzed GPx1 mRNA abundance in the presence of additional 30 nM sodium selenite, a water-soluble selenium compound, under MeHg exposure. As shown in Fig. 5A , pretreatment with the additional 30 nM sodium selenite suppressed the MeHg-induced decrease in GPx1 mRNA. Together with the inability of Trolox to rescue the decrease in GPx1 mRNA abundance in the MeHg-exposed condition (Fig. 2E) , these results suggest that the downregulation of GPx1 mRNA after MeHg exposure was caused by the mechanism related to MeHg-induced selenium deficiency. To further support this notion, we analyzed the MeHg-mediated increase in ROS in the presence of sodium selenite. Flow cytometry analysis for ROS clarified that pretreatment with sodium selenite for 16 h suppressed the increase in intracellular ROS 7 h after MeHg exposure, although even 90 nM sodium selenite could not completely suppress the increase in ROS (Fig. 5B) .
Downregulation of GPx1 mRNA after MeHg exposure is mediated by NMD. Under selenium-depleted conditions, the UGA codon for Sec on GPx1 mRNA is recognized as a PTC and GPx1 mRNA is degraded by NMD (30) . If the MeHg-mediated decrease in GPx1 mRNA was caused by selenium deficiency, inhibition of NMD should rescue the MeHg-mediated GPx1 mRNA suppression. To assess this hypothesis, we performed synthetic siRNA-mediated knockdown of the mouse NMD components SMG-1 or SMG-7 and examined GPx1 mRNA expression under MeHg exposure. As shown in Fig. 6A , transfection of synthetic siRNA targeted to mouse SMG-1 or SMG-7 into C2C12-DMPK160 cells knocked down each protein. NMD inhibition was supported by the decrease (in the case of SMG-1 knockdown) or increase (in the case of SMG-7 knockdown) in Upf1 phosphorylation, a central component of NMD, since the Upf1 phosphorylation and dephosphorylation cycle is essential for NMD (31) .
These NMD-suppressed cells demonstrated increases in GPx1 mRNA accumulation under MeHg-exposed conditions (Fig. 6B) . These results suggest that MeHg-induced decreases in GPx1 mRNA are mediated by NMD.
MeHg suppresses TrxR1 activity. The NMD-dependent decrease in GPx1 mRNA indicated failure of recoding events of the UGA codon for Sec under MeHg exposure. This probably occurs due to selenium depletion under MeHg exposure owing to the high affinity of MeHg for the selenohydryl group and selenide. In this case, TrxR1 activity should decrease because of the synthesis of the aberrant TrxR1 protein without Sec. To investigate this possibility, we analyzed the effect of MeHg on TrxR1 activity and found that it was significantly decreased 8 h after exposure to MeHg compared with non-treated cells (Fig.  7A ) despite up-regulation of TrxR1 mRNA (Fig.  2D ) and a slight increase in TrxR1 protein levels (Fig. 7B) . The decrease in TrxR1 activity after MeHg exposure was rescued by pretreatment with 60 nM sodium selenite (Fig. 7A) .
Ebselen treatment suppresses MeHg cytotoxicity.
To further assess the pathophysiological importance of MeHgmediated suppression of GPx1 for MeHg cyototoxicity, we investigated the effect of ebselen, a seleno-organic compound that mimics GPx1, on MeHg cytotoxicity. Analysis of intracellular ROS by flow cytometry showed that treatment with 10 μM ebselen completely suppressed the ROS increase after exposure to MeHg in C2C12-DMPK160 cells (Fig. 8A) . We next analyzed cell viability to further clarify the protective effect of ebselen against MeHg cytotoxicity.
Flow cytometry analysis demonstrated that MeHg-induced apoptosis was clearly suppressed by treatment with ebselen (Fig. 8B) . These results indicate that ebselen effectively protects against MeHg cytotoxicity. In addition, ebselen unexpectedly inhibited GPx1 mRNA downregulation after MeHg exposure (Fig. 8C) .
DISCUSSION
In this study we demonstrated for the first time to our knowledge that MeHg has a posttranscriptional effect on the main antioxidant selenoenzymes GPx1 and TrxR1, most likely through MeHg-induced selenium deficiency, resulting in the disturbance of cellular redox systems and the incidence of oxidative stress. The mechanism shown in this study is most likely universal in MeHg toxicity, since the same phenomenon was recognized in soleus muscle in a usual MeHg-intoxicated rat model (Fig. 3) and a wild-type C2C12-DMPK5 cell line (Supplemental figure) .
The downregulation of the major antioxidant selenoenzyme GPx1 mRNA under MeHg exposure was specific to the burden of MeHg since up-regulation of GPx1 mRNA was observed under oxidative stress by the general burden of H 2 O 2 (Fig. 4) . This is in striking contrast with other antioxidant enzymes, including TrxR1, since their mRNAs are up-regulated under MeHg-induced ROS increase (Fig. 1, 2A-D, 3A, B) . Intriguingly, the antioxidant Trolox failed to rescue GPx1 mRNA decrease (Fig. 2E, 3C ), even though it was able to suppress MeHg-induced increase in other antioxidant enzyme mRNAs ( Fig. 2A-D, 3A, B) through suppression of intracellular ROS (9). These results suggest that the effect of MeHg on GPx1 mRNA was not mediated by intracellular ROS.
Our results indicated that the MeHg-induced decrease in GPx1 mRNA is a posttranscriptional event that is most likely mediated by cellular selenium deficiency. Several lines of evidence support this conclusion. First, the MeHg-mediated decrease in GPx1 mRNA was rescued by pretreatment with sodium selenite (Fig. 5A ). This is consistent with the idea that MeHg treatment induces a relative intracellular seleniumdeficient condition since MeHg has high affinity for the selenohydryl group and selenide (14) . Secondly, NMD inactivation impaired GPx1 mRNA suppression by MeHg exposure. NMD is a posttranscriptional gene expression mechanism that recognizes a UGA codon for Sec on GPx1 mRNA that resides 105 nucleotides upstream of the sole exon-exon junction (Fig. 9A) as a PTC and degrades GPx1 mRNA under active selenium-deficient conditions (30) In contrast to GPx1, mRNA of another antioxidant selenoenzyme, TrxR1 was not downregulated by MeHg exposure. Sec codon UGA-498 on TrxR1 resides in the last exon (Fig.  9B ) cannot be a substrate for NMD because downstream intron is required to trigger NMD (32) . In theory, TrxR1 protein synthesized by NMD-skipped TrxR1 mRNA should be truncated because the Sec codon was recognized as a nonsense codon under selenium-deficient conditions. However, a low activity form of TrxR with a cysteine substituted for Sec codon UGA-498 in place of truncated TrxR was detected in in vivo study using rat liver selenium-starvation condition in unknown mechanism(s) (33) . Further study will be needed to investigate a novel mechanism for decoding the UGA codon under selenium deficiency. Our study showed that TrxR1 activity was significantly decreased after MeHg exposure despite upregulation of TrxR1 mRNA and a slight increase in TrxR1 protein levels (Fig. 2D,  7A, B) . The rescue of the decrease in TrxR1 activity by pretreatment with sodium selenite suggested that the decrease in TrxR1 activity was caused by the synthesis of aberrant TrxR1 protein (Fig. 7A) .
Taken together with the above results, a MeHg-induced relative selenium-deficient condition disturbs intracellular redox systems through a posttranscriptional effect on the major antioxidant selenoenzymes GPx1 and TrxR1, in addition to the direct attack of cysteine and/or selenocysteine residues of antioxidant enzymes by MeHg (24) . GPx1 is the most abundant selenoprotein and plays a critical role in reducing cellular H 2 O 2 . In contrast, TrxR1 transfers electrons from NADPH to thioredoxin, which in turn reduces thioredoxin peroxidase and other redox proteins (34) . In addition, TrxR1 is able to reduce a number of substrates other than thioredoxin, including selenite (35), lipid hydroperoxides (36) and H 2 O 2 (37). Therefore, MeHg disturbs the glutathione and thioredoxin cellular redox systems at the early stage of cytotoxicity, which is followed by cellular stress responses. In fact, changes in the selenoenzyme GPx1 and TrxR1 mRNAs together with the increase in intracellular ROS were recognized 3 h earlier after MeHg exposure than those of other antioxidant mRNAs (Fig. 1, 2A-E) . Furthermore, ROSmediated activation of the signal transduction system, namely, dissociation of Trx-ASK1 (apoptosis signal-regulating kinase 1) complex, phosphorylation of ASK1, and activation of the stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK) pathways were also recognized around the same time after the ROS increase in C2C12-DMPK160 cells (9) .
The incidence of oxidative stress should depend on the capacity of the intracellular redox systems to deal with GPx1 and TrxR1 impairment under MeHg-induced relative selenium deficiency. Pretreatment with sodium selenite for 16 h could not completely suppress the increase in intracellular ROS after MeHg exposure in C2C12-DMPK160 cells (Fig. 5B) , indicating that more H 2 O 2 or other ROS might have been produced than could have been eliminated by the antioxidant selenoenzymes in this cell line. Therefore, we needed to use antioxidants such as Trolox (9) or ebselen (Fig.  8A, B ) in order to completely suppress the ROS increase and protect cells against MeHg-induced cytotoxicity.
Ebselen, a seleno-organic compound, exhibits the GPx1 mimic activity (38) whose major substrate is H 2 O 2 . In addition, ebselen can also quench free radicals and singlet oxygen (38). Furthermore, ebselen is an excellent direct substrate for mammalian TrxR and thioredoxin (39, 40). We demonstrated here that ebselen restores downregulation of GPx1 mRNA after MeHg exposure (Fig. 8C) The abbreviations used are: MeHg, methylmercury; GPx1, glutathione peroxidase 1; NMD, nonsense-mediated mRNA decay; PTC, premature termination codon; TrxR1, thioredoxin reductase 1; GSH, glutathione; Trx, thioredoxin; ROS, reactive oxygen species; H 2 O 2 , hydrogen peroxidase; Sec, selenocysteine; PI, propidium iodide; Mn-SOD, manganese-superoxide dismutase; Cu, Zn-SOD, copper, zinc-superoxide dismutase; ASK1, apoptosis signal-regulating kinase 1. 
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